Abstract Two fold increase in the yield of glucose and maltose containing exo-polysaccharide (EPS) by Rhizobium sp. was observed during its growth in modified YEMB. EPS production, plant growth promotion activity and root colonization of Rhizobium sp. studies showed enhanced EPS synthesis, more seed germination and over all improvement in plant growth over control and R. meliloti treatment. Groundnut seeds bacterized with Rhizobium sp. resulted in 69.75% more root length, 49.51% more shoot height, 13.75% more number of branches and 13.60% more number of pods over the control and R. meliloti treatment. Bacterization of wheat seeds increased the dry matter yield of roots (1.7-fold), and roots adhering soil (RAS) (1.5) and shoot mass (1.9-fold). Rhizobium sp. inoculation also increased the population density of EPS-producing bacteria on the rhizoplane. Roots of plants inoculated with Rhizobium sp. maintained a higher K ? /Na ? ratio and K ? -Na ? selectivity.
Introduction
A very large number of microorganisms including Rhizobium sp. [1] [2] [3] produce variety of exo-polysaccharide (EPS) possessing remarkably high moisture holding capacity and serve to maintain minimum moisture in their immediate environment. EPS protects the producing organism from desiccation and serves as a potential energy reserve as it can be catabolized under nutrient deficient conditions. Microbial EPS have been commercialized as possible future industrial commodities for food and in agriculture for the encapsulation of somatic embryoid, which offer a greater feasibility for precise delivery of plant growth regulators, fungicides and pesticides [4] . Influence of culture conditions on polysaccharide production are reported for various organisms [1] [2] [3] 5] . It has been reported that the use of sugar components e.g. sucrose, dextrose, mannitol etc. as a sole source of carbon yields more EPS than cell biomass [6] . Minerals and growth factors are also known to regulate EPS yield [4] .
Role of EPS producing plant growth promoting rhizobacteria (PGPR) in providing moisture and thereby increasing water holding capacity of soil, chelating various metal ions and promoting the growth of plant is well established. The present study was aimed towards determining the influence of various physicochemical parameters on EPS production by Rhizobium sp. and its application for plant growth promotion.
Materials and Methods
Rhizobium sp. was isolated from root nodules of groundnut (Arachis hypogea) plant. For the isolation of Rhizobium sp., the groundnut plant was uprooted, roots having pink healthy nodules were selected, washed 4-5 times in physiological saline and surface sterilized with 0.1% HgCl 2 , aseptically crushed and grown in sterile yeast extract 3mannitol broth (YEMB) containing g l -1 , mannitol, 10; CaCO 3 , 01; MgSO 4 , 0.0177; yeast extract, 01; K 2 HPO 4, 0.1, pH; 7. Inoculated medium was incubated at 27°C at 120 rpm for 8-10 days. The enriched sample was grown on yeast extract mannitol agar (YEMA) and congo red (0.025 g l -1 of YEMA) yeast extract mannitol agar (CRYEMA) at 28°C for 24-48 h. The culture was routinely maintained on nutrient agar at 4°C.
Biochemical characterization, indole, methyl red, Voges Proskauer and citrate utilization (IMViC) tests, and enzyme profile was studied and antibiotic sensitivity of isolate towards different antibiotics was checked by disc diffusion method.
Screening and Production of EPS
Rhizobium sp. was screened for EPS production by growing it on CRYEMA [7] at 28°C for 48 h and observed for the formation of gummy/mucoid colonies of Rhizobium. EPS production in liquid media was carried out by separately growing the 6 9 10 6 cells ml -1 of Rhizobium sp. and R. meliloti (obtained from Indian Agriculture research Institute (IARI), New Delhi) in YEMB at 28°C for 8-10 days with constant shaking at 120 rpm. Following the incubation inoculated flasks were observed daily after third day of incubation up to 10 days for change in the rheology. Increase in viscosity of broth was taken as an indication of EPS production.
Extraction and Recovery of EPS
Cell free supernatant obtained from the centrifugation (10,000 rpm, 20 min) of fermentation broth was slowly added with equal volume of iso-propanol with constant stirring and EPS was separated by spooling. Spooled samples were oven dried at 50°C till the constant weight and weighed for the estimation of EPS [8] .
Analytical Methods
Viscosity of fermented broth was measured with viscometer (Brookfield, DV III) at 29°C at 100 rpm with uninoculated medium as reference. Viscosity measured was expressed in terms of % and centipoises (cP). Residual sugar from fermented broth was estimated by DNSA method [9] and growth was measured by taking dry weight of cell mass. Amount of EPS was measured gravimetrically.
Determination of Biochemical Nature of EPS
Chemical composition like presence of monosaccharide, disaccharide or polysaccharide of EPS produced was determined by various qualitative tests namely, Fehling's, Benedict's, Molisch's, Seliwanoff's, Bial's, Iodine, Anthron's, Barfoed's, Mucic Acid and Osazone tests [10] .
Optimization Studies
For the optimization of incubation period, Rhizobium sp. (6 9 10 6 cells ml -1 ) was grown in YEMB at 28°C at 120 rpm for 8 days. Initially samples were withdrawn after 3 days of incubation and thereafter at the interval of 24 h. Estimation of viscosity, residual sugar, cell mass and EPS was done as described earlier.
For checking the influence of inoculum level, biomass of Rhizobium sp. in the range of 1-10% was separately grown in YEMB at 28°C at 120 rpm for 8 days followed by measuring the viscosity, cell mass, residual sugar and EPS. Influence of pH on growth and EPS production was studied by growing Rhizobium sp. (6 9 10 6 cells ml 
) and Mg 2? (0.1-
) at 28°C at 120 rpm for 6 days. For the optimization of carbon substrate, Rizobium sp. (6 9 10 6 cells ml -1 ) was grown in YEMB separately prepared with different sugars (10 g l -1 ) like mannitol, sucrose, dextrose, fructose, maltose, lactose, sorbitol, mesoinositol and starch at 28°C at 120 rpm for 6 days. For the optimization of nitrogen source, Rhizobium sp. (6 9 10 6 cells ml -1 ) was grown in YEMB medium containing different nitrogen sources (1 g l -1 ) like sodium nitrate, urea, casein, casein hydrolysate, yeast extract, ammonium sulphate, ammonium phosphate at 28°C at 120 rpm for 6 days. Viscosity, cell mass, residual sugar and EPS were estimated.
Plant Growth Promotion Activity of EPS Producing Rhizobium sp.
Plant growth promoting potential of Rhizobium sp. was checked at plate assay and pot assay level. Seeds of groundnut and wheat surface sterilized with 0.1% HgCl 2 were bacterized with EPS rich YEMB containing Rhizobium sp. (108 CFU ml -1 ). Its bioefficaceous potential was measured by simultaneous bacterization of groundnut and wheat seeds with the standard culture of R. meliloti.
Plate Assay
Plate assay was performed by placing the bacterized seeds (5 seeds/plate each for wheat and 3 seeds/plate for groundnut seeds) in the sterile petri plate with blotting paper. These plates were incubated at 28°C for 10 days in light and daily observed for seed germination. Sterile distilled water was added on filter paper as and when required to maintain the moisture necessary for the germination of seed. Percent increase in germination of seeds and its comparison with control seeds and seeds bacterized with R. meliloti was calculated.
Pot Assay
Seeds of groundnut and wheat (5 seeds/pot) were separately soaked in bacterial slurry of Rhizobium sp. and R. meliloti for 15 min and transplanted into pots containing sterile soil. Seeds soaked in sterile distilled water were transplanted into the soil as a control. The soil moisture was measured gravimetrically [11] and it was maintained at 60% level throughout the experiment. After 60 days incubation, bioefficacy of EPS coated seeds was calculated as percent increase in seed germination, increase in root length, increase in shoot length, roots adhering soil (RAS), root tissue (RT) and RAS dry mass.
Estimation of Na, Cl and K from Plant Cells
Sodium, calcium and potassium concentrations in plant tissues (acid digests) and in RAS (1:1 soil/water extracts) were determined by flame-photometry. K-N ratio, Ca-Na ratio, K-Na and Ca-Na selectively (K or Ca-Na selectively equal K/Na or Ca/Na ratio divided by K/Na or Ca/Na ratio of soil used) were calculated. Water-insoluble saccharides in the RAS were determined in air dried residual soil after filtering the RAS-water suspension.
Soil and Root Colonization by Rhizobium
Most of PGPR perform well under plate assay conditions but when subjected to soil environment they fail to do so. Only those PGPR which are efficient in colonizing the roots of plant will perform well and will promote the plant growth. Therefore, root or seed colonization of PGPR should be considered as important parameter of plant growth promotion. For this purpose, the population densities of Rhizobium sp. on the rhizoplane of wheat and groundnut were determined by taking the plate count of soil (1 gm in 100 ml diluted to 10 -6 ) on CRYEMA and the number of colonies (CFU g m -1 soil) was taken as means of root and seed colonization.
Result and Discussion

Biochemical Characterization of Isolate
Formation of mucoid colonies, growth on selective CRY-EMA medium, fermentation of maltose, lactose, sorbitol, mesoinositol, dextrose, mannitol, sucrose with acid and gas formation, production of amylase and b-galactosidase, negative test of indole and methyl red and positive Voges Proskauer and citrate utilization test very well matched with the characteristics of Rhizobium sp. The antibiogram of Rhizobium sp. revealed the sensitivity of organism towards aminoglycosides antibiotics such as erythromycin, gentamicin, vancomycin, tetracycline, co-trimoxazole, amikacin, streptomycin and kanamycin.
Screening
with A. faecalis. When cell free supernatant was added to equal volume of iso-propanol (30%) the EPS was found spooling on constantly moving glass rod [8] . The spooled extract when dried at 50°C, a brown colored powder of EPS was obtained. Sayyed and Chincholkar [13] have reported the extraction of EPS produced by A. faecalis with 50% iso-propanol.
Determination of Biochemical Nature of EPS Rhizobium sp. under study gave positive results for Molisch test, Barfoed's test and Bials's indicating the presence of glucose and maltose containing EPS. Sayyed and Chincholkar [13] have reported the production of glucose and maltose containing EPS from A. faecalis.
Optimization Studies
Accumulation of EPS started from 3rd day of incubation and was found increasing with increase in time course. Optimum viscosity (115 cP), maximum EPS (2.5 g l -1 ) minimum residual sugar (50 lg l -1 ) was recorded during 6th day of incubation. Further increase in incubation beyond 6 days (192 h) period resulted in decline in the amount of EPS, on 7th day the amount of residual sugar was 2.10 g l -1 and decreased thereafter (Fig. 1a) . Therefore, fermentation was stopped after 8 days (192 h). The decline in the amount of EPS may be due to the mobilization of EPS by the organism itself probably under the influence of EPS hydrolase. It can also be correlated to the exhaustion of carbon source (sugar), the residual sugar at this stage was only 50 lg l -1 . Decrease in the viscosity of fermented broth also supported this belief. It is well documented fact that increase in incubation period beyond the optimal period causes the EPS lyase mediated hydrolysis of EPS [14] and therefore reduction in the amount of EPS. Most of the EPS producing bacteria are known to accumulate EPS from third day of incubation [12] .
Amongst the different levels of inoculum added in YEMB, 2%, yielded optimum EPS, less biomass, more viscosity of fermented medium and rapid utilization of sugar from broth. With further increase in inoculum although the cell mass and sugar utilization increased noticeably but no further increase in EPS could occur (Fig. 1b) . Optimum EPS (2.45 g l -1 ) production with maximum viscosity of broth and maximum utilization of sugar was reported at slight alkaline pH value of 8.0 (Fig. 1c) . Observation from influence of temperature on biomass and EPS revealed that the organism grows well and produces optimum EPS (2.40 g l -1 ) with maximum viscosity in broth and maximum utilization of sugar at 28°C (Fig. 1d) .
Increase in Fe 2? levels increased the viscosity as well as EPS yield (Fig. 2a) of Ca 2? yielded maximum viscosity (113 cP), optimum EPS (2.43 g l -1 ) and rapid utilization of sugar (Fig. 2b) . Among different levels of Mg 2? ions used, concentration of 0.4 g l -1 yielded maximum viscosity (114 cP), optimum EPS (2.44 g l -1 ) and rapid utilization of sugar (Fig. 2c) . 0.4 g l -1 K ? ions resulted in maximum viscosity (114 cP), optimum EPS (2.44 g l -1 ) and rapid utilization of sugar (Fig. 2d) .
Sucrose resulted in maximum biomass while dextrose gave optimum EPS yield. Among the different nitrogen sources, ammonium sulphate and yeast extract gave optimum yield of EPS while urea inhibited both EPS production and growth of organism ( Table 1 ). The C/N ratio have a role in EPS production, more EPS have been reported with high carbon and low nitrogen ratio.
Under optimized conditions in modified YEMB containing g l -1 , dextrose, 10; CaCO 3 , 0.7; 6 lM of Fe 2? , MgSO 4 , 0.04; yeast extract, 01; pH; 8 inoculated with 2% inoculum and incubated at 28°C for 6 days at 120 rpm, yielded 2.80 g l -1 of EPS.
Plant Growth Promotion Activity of EPS Producing Rhizobium sp.
During plate assay studies, groundnut seeds showed 20% increase in germination while wheat seeds showed only 10% increase in germination. More increase in seed Residual sugar (g/l)
Viscosity (cP) Fig. 2 Influence of physical metal ions on EPS yield by Rhizobium sp. (Table 3) . Rhizobium sp. increased dry weight of RAS 1.5, root 1.7 and shoot 1.9 times as compared with control. Rhizobium inoculation also increased the population density of EPS-producing bacteria on the rhizoplane, followed by R. meliloti. The population density of EPS-producing bacteria on the rhizoplane was significantly correlated with the mass of RAS (r = 0.8069), and the dry matter yields of roots (r = 0.8204) and shoots (r = 0.8814). Moreover, the population density of EPS producing bacteria on the rhizoplane, and the dry weights of RAS, roots and shoots were significantly correlated with the content of water insoluble saccharides in the RAS being r = 8468, 9603, 9708 and 9711, respectively (Table 4) .
Estimation of Na, Cl and K from Plant Cells
In all treatments, roots of inoculated plants compared with control plants maintained a higher K ? /Na ? ratio and K ? -Na ? selectivity (the K ? /Na ? ratio of Rhizobium sp. the plant tissues divided by K ? /Na ? ratio of the soil used), the most pronounced effect was archived by inculcation with slime culture of Rhizobium sp. However, in shoots, all the strains inoculation caused higher K ? /Na ? ratio and K ? -Na ? selectivity, again the slime culture of Rhizobium sp. showed the maximum effect (Table 5 ).
Soil and Root Colonization by Rhizobium sp.
The population densities from rhizosphere and rhizoplane soil showed the abundance of Rhizobium sp., 6 9 10 7 and 7 9 10 7 cells ml -1 of Rhizobium sp. were obtained on CRYEMA from rhizosphere and rhizoplane soil of groundnut seeds and 4 9 10 7 and 5 9 10 7 cells ml -1 of Rhizobium sp. were obtained on CRYEMA from rhizosphere and rhizoplane soil of wheat seeds. More cell density with groundnut soil is attributed to the host specificity of Rhizobium sp. Each value is an average of three replicates Indian J Microbiol (July-Sept 2011) 51(3):294-300 299
Conclusion
Under optimized conditions Rhizobium sp. inoculated in modified YEMB and incubated at 28°C for 6 days at 120 rpm, yielded 2.60 g L -1 of EPS. Increase in seed germination and over all growth and vigor in groundnut and wheat and effective root colonization reflected the potential of Rhizobium sp. as efficient bioinoculant for sustainable agriculture. 
